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On its more than 10 years journey to comet 67P/Churyumov–Gerasimenko, Rosetta carried RadFET io-
nising dose monitors in the central electronics of the orbiter instrument COSIMA and the lander in-
strument SESAME. The readings of the dosimeters were corrected for the temperature of the devices
during measurements. Because the sensitivity of RadFETs depends on the energy of impinging charged
particles, a mean efﬁciency factor for the prevalent proton radiation was determined by applying nine
efﬁciency models to proton energy spectra of Rosetta's radiation environment.
The resulting dose proﬁles show linear increases of the accumulated dose with time, mainly caused
by galactic cosmic radiation, and the arrival of two solar particle events in 2005. The accumulated dose
(in Silicon) during 3909 days in space from 2004-03-02 to 2014-11-14 was ±3.2 0.6 Gy in case of COSIMA
and ±1.9 0.4 Gy for SESAME. The deviation of the two measurements is mainly due to the solar particle
event in September 2005, which had a ±5.3 1.0 times stronger impact on the COSIMA RadFET. Measured
dose levels are one order of magnitude lower than those expected before launch for not being exceeded
on the 90% conﬁdence level, which is mainly due to the low solar activity during the mission so far.
& 2016 IAA. Published by Elsevier Ltd. All rights reserved.1. Introduction
The Rosetta spacecraft was launched in March 2004 and it ar-
rived at comet 67P/Churyumov–Gerasimenko (henceforth 67P/CG)
in August 2014. The complex spacecraft trajectory extended to
Jupiter's orbit and included three Earth ﬂybys (in March 2005,
November 2007, and November 2009) and a further gravity assist
manoeuvre at Mars (February 2007). After a joint cruise of about
6.6 billion km, the lander Philae was detached from the main
spacecraft (henceforth orbiter) in November 2014. Philae executed
scientiﬁc measurements on the cometary surface during its 3-days
First Science Sequence. Orbiter observations of 67P/CG will con-
tinue until September 2016.
Several sources of energetic charged particles contribute to the
radiation exposure of a spacecraft (see [1] for a general description
of the radiation environment in space). Rosetta passed the radia-
tion belts of the Earth during launch phase and the ﬂybys.rights reserved.
. Fischer).Regarding ionising dose in central electronics, the short en-
counters with the trapped ions and electrons are less signiﬁcant
than solar cosmic rays (SCR) and the low, but continuous back-
ground of galactic cosmic rays (GCR).
Solar cosmic rays are composed of many smaller and a few
large solar particle events (SPEs). During SPEs, the Sun emits
charged particles (mainly protons), which become accelerated, are
guided by the ﬁeld lines of the interplanetary magnetic ﬁeld and
can eventually arrive at the spacecraft. The energies of SCR are
generally in the range of a tenth to a few hundred MeV/nucleon.
Solar particle events last few hours to several days and their
magnitudes are extremely different. During a long-term mission a
number of SPEs is expected, but one strong solar particle event can
account for almost the complete ionising dose actually received.
The frequency of large solar particle events is related to the solar
cycle, but the occurrence of single SPEs cannot be predicted. Sta-
tistical models are used to calculate the maximum SCR ﬂuences
which will likely not be exceeded on a certain conﬁdence level.
Solar activity also modulates the ﬂux of high-energy charged
particles which enter the solar system from outside [2]. These
P. Falke et al. / Acta Astronautica 125 (2016) 22–29 23particles are effectively shielded by the solar wind and thus the
ﬂuxes of galactic cosmic rays and SCR are anti-correlated. GCR
contains protons (nearly 90% of the atomic nuclei), alpha particles
(E10%) and about 1% heavier ions [3] with broad energy spectra
peaking at about 1 GeV in case of protons (and at several 100 MeV/
nucleon in case of the heavier particles). The high-energy GCR
have larger ranges in matter than SCR and, considering dose ef-
fects only, become generally important for the heavier shielded
parts of a spacecraft. The relative importance of GCR and SCR can,
however, be time-dependent for a long-term mission like Rosetta,
considering the variability of solar activity and the changing dis-
tances to the Sun.
To avoid severe degradation or even the loss of a component,
the expected dose levels are calculated for each mission and
spacecraft components are selected according to the required ra-
diation hardness. The analyses of Rosetta's radiation environment,
ﬁrst performed for the journey to comet 46P/Wirtanen and later
updated for 67P/CG, were based on the available SCR and GCR
models before launch. The results depend on the applied con-
ﬁdence levels and the way how the complex trajectories to the
target comets were considered.
Radiation hard electronics are a relevant cost factor for space
missions and precise knowledge of the expected dose is desirable
before launch. The reliability of statistical models applied for the
prediction can be assessed and the conﬁdence in new models
improved by comparing the predicted dose levels with those ac-
tually measured during missions. In this paper, we report on
in situ measurements of the ionising dose in central electronics of
Philae's payload SESAME [4] and of the orbiter instrument COSIMA
[5]. The used RadFET dosimeters were provided by ESA, mounted
by the electronics contractor of both instruments (von Hoerner &
Sulger GmbH) and operated by the respective instrument teams.
Like several other ESA spacecraft, Rosetta was equipped ad-
ditionally with a Standard Radiation Environment Monitor
(SREM), which is capable to record proton and electron ﬂuxes in
different energy channels [6,7].
RadFETs are a special kind of ﬁeld-effect transistors (FETs),
developed to be particularly sensitive to ionising radiation. Their
small size, the low power consumption and the simplicity of the
readout circuit make them attractive for use in space missions. A
major drawback is the dependency of the sensitivity on the energy
of the prevalent proton radiation, which is not precisely known for
each device and which requires additional information on the
proton spectra. Furthermore, the temperature of the devices must
be monitored to apply corrections to the dose signals.2. Properties of RadFET dosimeters
The RadFETs used for COSIMA and SESAME are based on
p-channel metal oxide semiconductor ﬁeld-effect transistors
(pMOSFET). P-type FETs consist of an n-doped Silicon substrate,
where two p-doped terminals (source and drain) are inserted. The
third terminal, the gate, is connected to the substrate by an in-
sulating SiO2 layer and situated between source and drain. By
applying a negative voltage to the gate, a conducting channel can
be inducted into the substrate between source and drain, if the
voltage exceeds the threshold voltage UT. RadFETs exhibit a thick
insulating layer at the gate and are produced to have a high den-
sity of trapping centres in the insulator, where ionizing radiation
produces electron-hole pairs. The holes are then trapped, whereby
the threshold voltage gets more negative (see [8] and references
therein).
The threshold voltage can be measured by applying a constant
drain current and measuring the voltage between drain and
source. After turning on the current, the voltage signal might driftwithin the ﬁrst minute due to release or attachment of charges at
the border between substrate and insulating layer. A long term
fading is possible for RadFETs as well due to changes in the
number of trapped charges over time. Fading can cause an ap-
parent increase or decrease of the accumulated dose, depending
on trapping properties of the RadFET and the time of the RadFET
read-out after irradiation. A RadFET out of the same manufacturing
cycle as the devices mounted on Rosetta has been examined in [8]
with long-term measurements (up to 80 days after irradiations
with protons and 60Co gamma rays). Considering the environ-
mental conditions of SESAME electronics during ﬂight (low dose
rate, low non-operational temperatures), an overestimation of
several percent of the accumulated dose was expected. On the
other hand, Haran et al. [9] used a RadFET from the same manu-
facturer and obtained a 5% decrease of the dose signal after one
month.
The response of the RadFET depends on the radiation type and
its energy [10] mainly due to the density of electron-hole pairs
created by the impinging particles or photons and different re-
combination processes.
In general it is not possible to set the drain current such that
counteracting temperature effects in the devices are balanced. The
optimum current value at the so-called ZTC (zero temperature
coefﬁcient) point might even change from readout to readout after
annealing [9].
COSIMA and SESAME central electronics includes “400 nm
implanted” devices [11] from NMRC (Cork, Ireland; now Tyndall
National Institute) out of the same manufacturing cycle [8]. Both
instruments used the “type 1” transistor of the device, which has a
width to length ratio of 300/50 [8,12].3. Data readout and device temperatures
Both instruments read out their RadFETs by applying a constant
drain current of − μ10 A and measuring the voltage between drain
and source. COSIMA measurements were taken 20 s after turning
on the supply voltage to reduce the drift. SESAME measured in six
different readout variants with waiting periods between 1 s and
above 1 min. The measurement precision of the readout circuit in
case of COSIMA is 1.2 mV, for SESAME 2 mV.
The device temperatures have been measured by a Pt1000
about 1.4 cm away from the RadFET on the same printed circuit
board for SESAME and a temperature sensor glued onto the Rad-
FET by COSIMA. During periods were no readouts took place, no
voltage has been applied to the RadFETs and the temperatures
were between 35 °C and 24 °C in case of SESAME. COSIMA
non-operational temperatures were slightly above 0 °C, except for
the deep space hibernation period during which temperatures
were expected to be down to 20 °C [13].4. Data analysis
4.1. Coverage and data processing
The dataset covers ground test data and ﬂight data, which were
obtained in a time period from Rosetta's launch on 2004-03-02 up to
2015-05-26 in case of COSIMA and up to 2014-11-14, towards the
end of Philae's First Science Sequence, for SESAME. The distance of
Rosetta to the Sun was between 0.9 and 5.3 AU during this period.
Measurements took place roughly every six months. Between June
2011 and January 2014, Rosetta was in deep space hibernation and
no measurements took place [14]. After arrival at the comet, the
COSIMA measurements were executed almost permanently.
The data points have been grouped in sub-samples with
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rors, assuming a constant dose signal for the two weeks.
4.2. Temperature dependency of the signal
The threshold voltage is expected to be linearly dependent
on the temperature T of the RadFET [8] according to
κ( ) = · [° ] + ( = ° )U T T U TC 0 CT T , where κ is the temperature coefﬁ-
cient and ( = ° )U T 0 CT the threshold voltage at a temperature of
°0 C for a given point in time. The temperature coefﬁcients have
been determined by a linear regression to the sub-samples with
the highest temperature range and a sufﬁcient amount of data
points for both instruments. For COSIMA one calibration was used
and for SESAME two, which have been associated to the six
readout variants. The obtained temperature coefﬁcients are
0.404 ± 0.002 mV/K for COSIMA and for the two SESAME calibra-
tions 0.121 ± 0.002 mV/K and 0.200 ± 0.002 mV/K.
After calculating the temperature coefﬁcients for single sub-
samples, the calibration has been applied to the whole dataset.
The transformation into a temperature independent frame is given
by κ δ( = ° ) = ( ) − · [° ] −U T U T T U0 C Ci i i j i jT, T, T, . In the formula, i are the
different data points and j the associated calibration. δUT is an
offset introduced to make the two SESAME calibrations compar-
able. The effect of the temperature calibration can be seen in Fig. 1.
The calibration has been checked by calculating the standard
deviation of all sub-samples, which has been reduced signiﬁcantly
for most of the sub-samples. The standard deviation of the data
points binned with respect to their temperature does not show a
trend after calibration anymore and is reduced to the measure-
ment precision for all temperatures. The initial threshold voltages
measured by ESA-ESTEC [12] (−1.61 V for COSIMA and −1.44 V for
SESAME at = °T 20 C) are consistent with the values obtained from
the datasets.
4.3. Relation between dose and voltage measurements
The threshold voltage can be connected to the accumulated
dose D in Silicon via εΔ [ ] = ¯· · [ ]U a DV Gy aT 1 2. ΔUT is the difference
of the threshold voltage at a given time with respect to the
non-irradiated device. The values = ±a 0.086 0.0041 and
= ±a 0.78 0.032 are obtained from 60Co calibration measurements
[8]. The dependency of the RadFET response on the radiation type
and its energy is expressed in the mean efﬁciency ε¯, which is givenFig. 1. Original and temperature calibrated dataset of COSIMA (a) and SESAME (b). The
since the instrument was typically warmer than the reference temperature of = °T 0 C.by ∫ε ε¯ = ( )· ( )∞ E w E Ed
0
. The designation ε ( )E is the energy-de-
pendent response for proton radiation and will be described in
Section 4.5, w(E) is the normalized spectrum of the radiation en-
vironment at the position of the RadFETs and is used as a
weighting function. It will be derived in Section 4.4. The exponent
of the dose is expected to be independent of the radiation type and
energy, since it describes an intrinsic property of the RadFET.
4.4. Weighting function from radiation environment
With the ESA SPENVIS interface [15], the radiation environ-
ment from solar and galactic protons has been calculated for the
mission proﬁle of Rosetta according to the ECSS space environ-
ment standard [1]. The standard recommends using the ISO 15390
model for GCR and the ESP solar proton model for SCR. The solar
component has been calculated at a constant distance of 1 AU and,
deviating from the ECSS standard, scaled with a r2 behaviour
according to the Rosetta orbit, for which we obtained a mean value
of 0.369 for [ ]−r AU 2. The ECSS standard recommends a scaling of
r2 for <r 1 AU and 1 for >r 1 AU to obtain a conservative esti-
mate for dose predictions. We expect the r2 scaling to model the
dependency more accurately for an analysis of received dose le-
vels. The impact of the different scaling on ε¯ proves to be negli-
gible. Other radiation components like the Earth ﬂybys and ions
with a higher charge than protons have been neglected due to
their small contribution to the overall ﬂux. The radiation spectrum
inside the spacecraft has been calculated by using the CREME
model suite [16] within SPENVIS and then normalized to an area of
1 to get the weighting function w(E). The weighting functions are
shown in Fig. 2. Both instruments are expected to have a com-
parable mean shielding [8,17], although it varies for different solid
angles. An equivalent shielding thickness of 4 mm Aluminium is
suitable for both cases to calculate the mean efﬁciency. A more
detailed discussion on the shielding thickness can be found in
chapter 6.
The need for time-dependent weighting functions has been
checked by calculating the expected ﬂuences for different time
steps after launch with SPENVIS and calculating the respective SCR
suppression factors from the orbit. The different values of ε¯ agree
within 2%, which is well below the efﬁciency model uncertainty
and thus a constant weighting function is used. A single solar
particle event can produce almost the total dose of a mission andeffect of the temperature calibration can be observed as a shift in case of COSIMA,
A reduction of the spread is visible for both instruments.
Fig. 2. Normalized spectra of GCR, SCR and the sum of both components according
to their relative ﬂuences for the mission epoch behind 4 mm Al shielding. The
spectra are used as weighting functions and have been calculated with the ESA
SPENVIS interface. The main contribution to the ﬂux is given by the solar compo-
nent, which has a softer energy spectrum than the GCR component.
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lysed. The difference in ε¯ due to strong SPEs can be neglected. The
effect of an exceptionally quiet Sun with the SCR ﬂuence reduced
to 10% of its expected contribution to the total ﬂuence has been
checked as well and yields maximally a 6% higher value of ε¯.
4.5. Mean RadFET efﬁciency
Different experiments with proton beams at various energies
have been performed with RadFETs previously in order to measure
the energy dependency of the response [10,18]. The high energies
of the GCR component have not been reached. A spread of 3–4 % in
the RadFET responses also from RadFETs of the same manufacturer
and out of the same production cycle is present [10]. We have
derived an efﬁciency model from these measurements and theo-
retical considerations, which expect no further increase in re-
sponse above ≈ 60 MeV [19]. The model is given by
⎧⎨⎩ε ( ) =
+ · [ ] <
E
E E49% 0.65% MeV if 60 MeV
88% else
.Fig. 3. (a) Overview of the RadFET efﬁciency models, which have been used to determin
such that they cover different extrapolations to the highest and lowest energies, were no
with the expected proton spectrum (compare to Fig. 2) to obtain the mean efﬁciency.The reference model is consistent with an efﬁciency of 53% to
65% for 17.4 MeV protons determined in [8], where a RadFET out of
the same manufacturing cycle has been tested. The uncertainties
are taken into account by eight additional models to determine the
size of the error bars, especially covering different hypotheses for
the extrapolation to the highest and lowest energies, were no
measurements are available. For example, models with a low en-
ergy cut-off have been applied to account for the limited range of
protons in the device. An overview of the models is shown in
Fig. 3a.
The mean efﬁciency obtained by the efﬁciency model and the
radiation environment for a shielding thickness of 4 mm Alumi-
nium is given by ε¯ = ±0.72 0.10 (see Fig. 3b). The error on ε¯ in-
cludes the predictions of the efﬁciency reference model for all
shielding thicknesses up to =d 20 mm.5. Results
The time evolution of the dose is given in Fig. 4. It follows a linear
increase with additional steps due to strong solar particle events (the
ﬁrst in January 2005 at a distance of 1.1 AU from Rosetta to the Sun
and the second in September 2005 at a distance of 1.6 AU). The total
dose on 2014-11-14 (3909 days after launch) is ±3.2 0.6 Gy in case of
COSIMA and ±1.9 0.4 Gy in case of SESAME. For the last data sub-
sample of COSIMA on 2015-05-26 (4102 days after launch), a dose of
±3.3 0.7 Gy was obtained. Linear regressions of the dose evolution
after the second SPE yield a slope of ±0.2196 0.0008 Gy/year in case
of COSIMA and ±0.179 0.003Gy/year for SESAME. No signiﬁcant
dose increase due to the Earth ﬂybys has been observed, which is in
accordance with the expectation due to the low energy of the elec-
trons and ions in the radiation belts of the Earth as well as the short
time periods of the ﬂybys.
The dose changes due to the SPEs are given in Table 1. The ratio
of the increases between COSIMA and SESAME is ±2.5 1.3 for the
ﬁrst SPE and ±5.3 1.0 for the second SPE. In both cases COSIMA
had the higher increase.
No evidence for long-term fading has been found in the data-
set. There might be short-term fading, which could be invisible
due to the typical period of six months between the different data
points. The drift of the voltage signal in the ﬁrst minute aftere the mean efﬁciency ε¯ and its error bars. The different hypotheses were modeled
measurements are available. (b) Result of weighting the different efﬁciency models
Fig. 4. The evolution of the accumulated dose measured by the RadFETs of COSIMA and SESAME. The steps in both measurements are related to the SPEs in January and
September 2005, which are more prominent in the COSIMA case compared to the SESAME measurement. The error bars are shown with the total error on the dose and
additionally without the scaling uncertainties placed by ε¯ and a1.
Table 1
Dose changes due to the two strong solar particle events in 2005. The second SPE
has a major impact on the COSIMA measurement. The error bars are given without
the scaling uncertainty.
Instrument ΔD due to ﬁrst SPE ΔD due to second SPE
COSIMA ±0.10 0.02 Gy ±0.84 0.03 Gy
SESAME ±0.04 0.02 Gy ±0.16 0.03 Gy
Table 2
Predicted maximum dose (90% conﬁdence level) in an Aluminium box with dif-
ferent wall thicknesses at the COSIMA position [17]. The shielding of the spacecraft
alone corresponds typically to a shielding of 2 mm Aluminium.
Wall thickness in mm Dose in Gy
0.5 80
1.0 58
1.5 45
2.0 36
P. Falke et al. / Acta Astronautica 125 (2016) 22–2926turning on the supply voltages might have an effect in the order of
one percent on the accuracy of the measurements and cannot be
excluded for all readout variants except one for SESAME, were the
signal has been measured at least one minute after turning on the
supply voltages.6. Pre-launch dose predictions
The predicted radiation environment of the Rosetta mission has
been calculated in detail for the mission target 46P/Wirtanen in
[20], including galactic cosmic rays, solar protons and contribu-
tions from the radiation belts of the Earth. The ﬂuences of inter-
planetary solar protons were considered with statistical models
developed at the Jet Propulsion Laboratory (JPL). JPL models dis-
tinguish between active and inactive phases of a solar cycle.
The JPL-85 solar proton model has been used in favour to the
newer JPL-91 model, since it predicts higher ﬂuences of low en-
ergy protons and thus greater damage to low shielded compo-
nents like solar cells. Two active solar phases were identiﬁed for
the Rosetta mission to 46P/Wirtanen, for which the orbit has been
approximated as being circular at 1.2 AU (ﬁrst 3.5 years of the
mission) and 2.3 AU (last two years). The solar proton ﬂuences
have been calculated at a 90% conﬁdence level for not being ex-
ceeded and scaled according to a r2 dependency.
The obtained particle ﬂuence spectra were used to calculate the
expected maximum dose in a Silicon target as a function of
spherical Aluminium shell thickness. For a typical shieldingthickness of 4 mm, a dose of 50 Gy was obtained. Corresponding
values based on other predictions of the radiation environment
are 29 Gy (using JPL-91 solar proton ﬂuence at 90% conﬁdence
level [8]) and 90 Gy (applying 90% conﬁdence level for the ﬁrst and
95% for the ﬁnal active phase [21]). The considerable range of
values shows how much the calculated dose levels that will likely
not be exceeded depend on the applied engineering model and the
required conﬁdence level.
The dose proﬁle depending on the thickness of a spherical
Aluminium shell has been used in [17] for a raytracing analysis of
Rosetta's geometry. It yielded the expected dose at various posi-
tions in the spacecraft, considering different thicknesses of further
shielding (for example due to electronics boxes). The JPL-85 model
has been applied for the solar protons and an isotropic proton ﬂux
was assumed according to the ECSS standard [1].
A dose of 58 Gy was obtained inside a box made of 1 mm
Aluminiumwalls at the position of COSIMA central electronics. The
box should be a suitable representation of the more complex
housing of the COSIMA instrument (a comparison with different
wall thicknesses is shown in Table 2).
For a central position in the lander within 2 mm additional
shielding, a dose of 62 Gy was calculated in [17]. The full geometry
of the lander with empty electronics boxes was simulated in [8]
and for SESAME central electronics 56 Gy were obtained using the
JPL-85 model at 90% conﬁdence level (and 33 Gy using the JPL-91
model). Considering the results obtained with the same particle
ﬂuence spectra only, very similar dose levels were thus calculated
Fig. 5. Monthly mean sunspot number (solid red line, left scale) and Rosetta's distance to the Sun (dashed black line, right scale). Inset: smoothed monthly mean sunspot
number from 1950 until now. Credits: WDC-SILSO, Royal Observatory of Belgium, Brussels (sunspot number) and Rosetta ﬂight dynamics, ESA European Space Operations
Centre, Darmstadt (orbit). (For interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this paper.)
Fig. 6. Integrated count rate of the SREM coincidence channel C3, which is sensi-
tive to protons of energies between 76 MeV and 450 MeV [33]. The data points in
the ﬁgure indicate the coverage periods of the SREM dataset, measurements were
taken with a much higher frequency. The count rates were obtained from [28] and
are available since 2004-10-21. Our integration was performed by summing over all
measurements multiplied by the time till the subsequent measurement. Count
rates of periods in which the SREM was turned off (especially the hibernation) are
approximated by the mean value of 1000 data points before and after the inter-
ruption. The C3 channel is an example for several SREM channels (especially the
ones sensitive to protons) which show a linear increase of the integrated count rate,
which can be associated to GCR, as well as the two observed SPEs. The slight
changes in the slope of the GCR component are expected to be caused by the anti-
correlation with the solar activity, which became higher during Deep Space Hi-
bernation (see Fig. 5).
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A full revision of the predicted maximum doses for the in-
struments to the ﬁnal mission target 67P/CG has not been found.
The expected proton ﬂuences calculated with the JPL-91 model at
90% conﬁdence level [21] and the resulting dose proﬁles de-
pending on shielding thickness [22] are available. For a Silicon
target surrounded by a 4 mm thick spherical Aluminium shell a
dose of 67 Gy was calculated, which is well in the range of cor-
responding values calculated for the mission to 46P/Wirtanen. The
updated mission radiation environment might cause a minor
change of relative dose levels for SESAME and COSIMA, but a full
shielding analysis, based on an isotropic particle ﬂux, would
probably still yield similar dose levels for the two instruments.Predictions of solar activity commonly refer to sunspot statis-
tics. Although reliable observational sunspot data covers almost
three centuries, the forecast of amplitude and duration of a future
cycle is still difﬁcult. In June 2003, when the radiation analysis for
the mission to 67P/CG was performed, enhanced solar activity due
to the beginning of solar cycle 24 was expected for end of 2006
latest [21]. Actually there was minimal activity until early 2010
and cycle 24 became the weakest solar cycle since 1906 [23]. The
high GCR ﬂuxes due to the deep solar minimum (see chapter 7)
were reduced during the maximum period of cycle 24, when Ro-
setta's distance to the Sun was large. Solar activity (in terms of the
sunspot numbers) was low when Rosetta was closer to the Sun,
which reduced the risk of severe radiation exposure due to SPE
(Fig. 5).7. Discussion
The accumulated dose of the RadFETs is one order of magnitude
lower than the predictions for 67P/CG at a conﬁdence level of 90%
for not being exceeded. A preliminary analysis showed that the
Rosetta SREM observed a ﬂuence which is a factor of 5 to 10
(depending on the energy) below the JPL-91 predictions, too [24].
The Sun has been exceptionally quiet during the journey of Rosetta
[25,26] (compare to Fig. 5), giving an explanation of the low dose.
The launch to the previous mission target, 46P/Wirtanen, was
planned for January 2003. In late 2003 a strong solar particle event
occurred [27], which was one of the largest SPEs observed in the
last 50 years. The SPE proton ﬂuence has been measured by the
SREM on-board the spacecraft Integral [28], which is situated in an
Earth orbit. Rosetta would have been at approximately 1 AU to the
sun during that time, making the Integral and Rosetta environ-
ment comparable. The SPE would have led to an increase of the
accumulated dose by a factor of 2–3 compared to the 67P/CG
measurement. This shows that single SPEs can make up almost the
total radiation environment of a space mission.
The predictions at 90% conﬁdence level appear to be con-
servative, in spite of the Sun being exceptionally quiet. The caution
in the predictions could be driven by the importance of Rosetta as
a cornerstone mission of ESA and the 11-year duration of the
ﬂight, in which Rosetta may have also encountered a more severe
radiation environment. Rosetta relies fully on the power
P. Falke et al. / Acta Astronautica 125 (2016) 22–2928generation of solar panels, which are vulnerable and particularly
exposed to cosmic radiation. Considering the 90% conﬁdence level
predictions as a radiation dose budget, the Rosetta spacecraft is
well inside the margins and should not exceed them till the
planned mission end.
Both RadFETs measured a linear increase of the dose, which we
mainly attribute to GCR protons and which is present similarly for
the integrated count rates of the Rosetta SREM (see Fig. 6). The
difference in the slopes for COSIMA and SESAME is about 23%. It
might be an effect of the different response from RadFET manu-
facturing or slightly different GCR radiation environments at the
position of the electronics due to different shielding. We have not
found information on the response spread of RadFETs at energies
above 60 MeV. Unresolved minor SPE could have an effect on the
slopes for the two instruments as well, since COSIMA detected the
two SPEs with a higher dose increase than SESAME. SREM data
shows only small contributions of minor SPEs to the count rates,
though.
The linear regressions refer to dose values collected during a
period of more than eight years after the second SPE in September
2005. The low frequency of RadFET readouts and the measurement
precision do not support the evaluation of dose rate changes
during this period, which included the highest GCR ﬂuxes of the
space age due to the deep and extended solar minimum in 2008–
2010 [26]. The CRaTER microdosimeter of the Lunar Re-
connaissance Orbiter (LRO) observed a decrease of the GCR dose
rate by a factor of 2 from the mission start in June 2009 to the end
of 2014 [29]. Spacecraft and ground based data [30] suggest that
GCR intensity was about to come back to the level of late 2005,
when the Mars Science Laboratory (MSL) spacecraft, containing
the Curiosity rover, was on its way to Mars.
Measurements with Curiosity's Mars Radiation Assessment
Detector (RAD) were taken from 2011-12-06 to 2012-07-14 and
yielded a GCR dose rate of ±0.121 0.008 Gy/year on average
(corresponds to ± μ332 23 Gy/day [31]). This is considerably lower
than the mean dose rates inferred from the RadFET measurements,
which can mainly be attributed to the different measuring periods.
Additionally, the radial GCR gradient of about 4.5%/AU [32] con-
tributes to the higher RadFET dose rates. The mean shielding
thickness around RAD [31] was larger than the mean shielding of
the RadFETs; the impact of the shielding on dose rates depends on
material composition and might, in spite of the production of
secondary particles in the shielding by the high energy GCR ions,
still contribute to the lower dose rate at Curiosity's RAD. The GCR
dose rate determined with RAD might thus be considered as a
tentative lower reference value for the RadFET dose rates. The
transit of MSL to Mars took place during the active period of solar
cycle 24, but GCR predominantly contributed to the accumulated
dose [31]. The most intense SPE observed by LRO/CRaTER con-
tributed only about 14% to the total dose accumulated during
5.5 years, which include a large fraction of the recent solar max-
imum [29]. The relatively low dose contribution from solar protons
measured with the SESAME and COSIMA RadFETs was thus ob-
served by other missions as well. The two spacecraft did, however,
not encounter the major SPE in 2005 seen by Rosetta.
The detection of the two SPEs yielded much higher differences
in the dose changes ΔD between the RadFETs compared to the
ratio between the linear slopes. It is not expected to be explained
by the different RadFET response alone. The ratios between the
dose increases of COSIMA and SESAME Δ ( ) Δ ( )D DCOSIMA / SESAME
for the two SPEs are incompatible with each other as well. Mea-
surements with other instruments show that the second SPE had a
softer energy spectrum than the ﬁrst and, due to a higher time
resolution, that the two SPEs seen by the RadFETs consisted itself
out of several events [34,35]. In case of the ﬁrst SPE, the sub-event
of 2005-01-20 had an exceptionally hard spectrum. The differentspectra of the SPEs in addition to the slightly different shielding of
the instruments give a possible explanation of the observed dif-
ference between COSIMA and SESAME, although it still seems to
be large.
Another explanation of the SPE dose changes for the two in-
struments to be considered is the possible directionality of the
SPEs. COSIMA is placed on the þZ plane of Rosetta at the edge to
the þX plane, which has been oriented towards the Sun during
ﬂight [36]. Philae (and with it SESAME) is placed on the X plane
[36] and therefore on the opposite side of the Sun. SESAME is
shielded against the direction of the Sun by the Rosetta spacecraft,
whereas COSIMA does not have a high shielding in this direction
compared to the other directions [17]. Solar particle events with a
transient high directionality have been observed before by other
space missions [37–41]. It is possible, that the second SPE hit the
spacecraft in a way, that SESAME has been shielded and COSIMA
not (that is from the half-sphere in which the Sun is centred). The
ﬁrst SPE might have been more isotropic or hit the spacecraft from
a direction in which both instruments are more equally sensitive.
A conclusive statement on the origin of the observed differences in
the SPE doses is not possible based on the RadFET measurements
alone. The understanding might be enhanced by a more detailed
analysis of the SREM data due to the various energy channels, the
opening angle of the aperture and the position of the instrument.
It would therefore be desirable to perform a joint analysis in the
future, since it is out of the scope of this article.
The solar particle event in September 2005 hit Rosetta at the
beginning of a weekly non-coverage period. During the next signal
acquisition, the active star tracker of Rosetta was found to be
crashed in INIT mode. The attitude of the spacecraft was obtained
for six days using gyroscopes only, accumulating a drift of about
0.7°. Fortunately, the misalignment of the high gain antenna was
still small enough to allow the RF signal to be received on Earth
[42]. These problems emphasize the fact that the radiation pro-
tection of a spacecraft remains an important issue to stay fully
functional during the whole mission.Acknowledgements
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